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AKTJ.FICJAI, RECEPTORS. ANTTftnnT ES , AND ENZYMES 



Background of the Invention 

Receptors, antibodies, and enzymes have a common 
ability to selectively bind molecules. However, known 
receptors, antibodies, and enzymes have only a limited 
capacity for manipulation to control binding and, 
possibly, release of the molecules or products formed 
from the bound molecules. 

Therefore, a need exists for artificial receptors, 
antibodies, and enzymes which overcome or minimize the 
above-mentioned problems. 

Summar y of the Invention 

x - Proteins: Polymers with Structure and Function 

Proteins are linear chain molecules in which twenty 
kinds of amino acids are connected in specific sequences. 
They can fold into unique structures and perform various 
sophisticated functions and serve as molecular receptors 
to receive molecular messages, antibodies to recognize 
alien molecules and cells, and enzymes that catalyze 
biochemical reactions. They are the key molecules to 
maintain life. General principles are not known, 
however, with which to design and synthesize such 
polymers that can form structures and function like 
proteins. The current biotechnology depends on the 
biological systems and biological information as given in 
the DNA sequences obtained from biological cells. 

If such general principles are known, it will be 
possible to design and synthesize polymers that will have 
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function, similar to protelns ^ 8peci£icauy 
Powers may be aynchesi2ed chM ^ speciftcan ; bina 
target molecules and release them upon their 
optional chan g es, or polymers that can catalyse 
chemical reactions. 

oT^^acIJ „a s considTredTbe 
e-ntial £o r the pro tein to have a particular structure 
and excise speci £ i c Auctions. ascent theoretical 
studies have shown, however, that £or a poly^r to £ old 
into . uni^ atm , ^ ^ ^ ^ ^ ^ 

a specie seance, hut the composition o £ the monomers 
^ construct the polymer taa to satis£y , ^ 
recrement (Shachnovich S Gutin ,«„„. ^ 
retirement £ or a composition is practically i n£initely 
easier than the r equ ire„ eat o£ a segueuce. 0£ course 
the structures are usually di ££ erent £ or di« e rent ' 
fences, hut whether or not a polymer can £ old i nco a 
^ th ^~ally stahle structure depends only 
on the composition o £ the constituent monomers 

for a polymer to have a molecular recognition 
capahUi structural retirement is imposed only on the 
ac Cl ve srte area where monomers shouid he arranged in 
snch a way that they £ it per.ectly to the target 

IT"' ° ther P °" 10n ° f "» — — a 

stahle structure, hut the structure can he any one 



WO 94/26381 



PCT/US94/05532 



-3- 

Therefore, except for the active site, polymers can be 
made by using a proper composition of monomers without 
specifying the sequence. As we shall see later, the 
active site configuration can be created by method 
5 molecular imprinting. 

3 - Discovery of Multiple Phases of Hetero p olvmer Gels 
Until now no synthetic polymers were known to have 
such a stable state, similar to that of proteins. We 

0 have recently discovered that a synthetic polymer can 

have stable phases with possibly discrete structures, and 
undergo discontinuous phase transition between these 
stable phases (Annaka & Tanaka (1992)). A necessary 
condition is that the polymer be made of random 

5 copolymers whose segments are interacting with repulsive 
as well as attractive forces. The attractions have to be 
a combination of hydrogen bonding and one or more of the 
other fundamental biological interactions, such as van 
der Waals, hydrophobic, and electrostatic (between plus 

) and minus charges) interactions (Tanaka and Annaka 
(1993)) . A proper composition of these forces is 
required for the achievement of the new phases. 

4 . Method of Molecular Imprinting 

Another important development is the method of 
molecular imprinting to create polymers that are capable 
of recognizing target molecules (Wulff, Mosbach, Shea). 
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m Chese methods, highly blinked plasc . cs u foimed 
» tt. presence o£ target molecules. Khen the target 
molecules are washed away, there remain holes that fit to 
Che target molecules. In this case the stability is 
obtained by highly cross- linking density rather than by 
the cooperative monomer-monomer interactions as in the 
case of proteins. 

Based on these findings we have devised a generic 
method to synthesize copolymers that are capable of 
molecular recognition (artificial antibodies) or 
catalytic activities (artificial enzymes) . 

Artificial AnHh^^. 

The present invention relates to a method of forming 
a mmtiple-phase transition copolymer which can 
selectively bind a substrate, and release the substrate 
upon undergoing volume phase transition. The invention 
also relates to multiple-phase transition copolymers 
»hich are formed by the method of invention. Such 
polymers will haV e specific molecular recognition, 
absorption and recovery of the substrate. 

In one embodiment, the method includes forming a 
monomer solution, which, upon polymerization, win £oral , 
copolymer get which exhibit multiple-phase transition at 
a plurality of phase transition conditions. Prior to 
polymerization the tempiate molecules, which are the 
substrate or substrate analogues, are added to the 
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solution. The combined monomer solution and template are 
exposed to condition sufficient to cause the monomer 
solution to polymerize and form the copolymer. The 
copolymer is then brought to an phage 
transition by varying temperature, solvent or other 
parameters, so that the templates are washed away from 
the copolymers. The copolymers are then exposed to a 
change in environmental conditions, such as temperature 
or solvent, to return to the original stable state. Such 
copolymers will show the specific binding of the 
substrate molecules. 

Artificial Rr7 raa 

The present invention relates to a method of forming 
a multiple-phase transition copolymer which can 
selectively catalyze a substrate, and release the 
product (s) upon undergoing volume phase transition. The 
invention also relates to multiple-phase transition 
copolymers which are formed by the method of invention. 
Such polymers will have specific catalytic activity upon 
a substrate and recovery of the products into which the 
substrate is converted. 

In one embodiment, the method includes forming a 
monomer solution which, upon polymerization, will form a 
copolymer gel which exhibit multiple -phase transition at 
a Plurality of phase transition conditions. Prior to 
polymerization the template molecules mimicking the 
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t Str " e iD US *«. are aaaea to the 

™„ 9 molecules hive been deveioped tor ^ rious 

ar t tratM - — -ution ana terete 

are exposea to condition3 suf£lc 

solution ho ~ he monoi ner 

" " P ° lymeri2e « «— «.e copoly^r. rae 
opo lyn e r is tben brou gh t t0 „ 

anS " i0n ^ solvent ana otber 

17 ^ « - expose, to . 

or 1 7 " —"ons. sua, as te ^ erature 

°7° 1Vent ' t0 " «» or^inai scabie state such 

polymere .in have specif ic catalv, • 

catalytic activity upon a 
substrate and recovery of th» „ „ 

—ate is convertl ? " ^ ** * 

Phaseltr" ° £ inVenCi0n ^ *»— o £ 

i r r on copoi " ers uhich cm — ^ — a 

-uuanace into products! m,, 

products. The copolymers can be 

—puiatea tnrou 9a pbase transitions to absorb 
substrates ana reiease substrates or prCucts wbicn are 
*~ aurin, conversion of tbe substrates. The 

operation o t chemical receptors, antiboaies ana 

ies ' enzymes. 
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Byigg Pegcrjption of the Figures 

Figures 1A through ID represent steps of one 
embodiment of a method of forming the multiple -phase 
transition copolymers of the invention. 
5 Figures 2A through 2F represent steps of an 

alternate method of forming the multiple -phase transition 
copolymers of the invention. 

Detailed Description of the Invention 

10 The features and other details of the phase - 

transition copolymers and methods of forming the phase- 
transition copolymers will now be more particularly 
described and pointed out in the claims. It will be 
understood that the particular embodiments of the 

15 invention are shown by way of illustration and not as 

limitations of the invention. The principle features of 
this invention can be employed in various embodiments 
without departing from the scope of the invention. 

"Phase- transition" of gels, as that term is used 

20 herein, means a discontinuous volume change of gels 

between an extended phase and a more contracted phase or 
vice-versa. "Phase- transition gels," as that term is 
used herein, are gels which exhibit a phase transition at 
a phase- transition condition. The difference in volume 

25 between the expanded and the contracted phase of the 

phase- transition gels can be as large as many thousands 
of times. Examples of phase- transition gels are 
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disclosed in Tanaka et al n o Daf . 

U.S Patent a N °' 4 ' 732 ' 93 ° and 

S. Patent Appl acation ^.^ ^ 

ZT 77 : 07/558 ' 733 ' ™— - t ; ach ; ngs of 

WhlCh ^ inc ™te d herein by refere nce. 

"Multiple-phase transitiQn gelg> „ ^ ^ 
used herein, means gels which caQ ^.^ ^ 

lZT° aS ^ 3 PlUraUty " ^-transition 
Por ^ a multiple . phase 

or copolymer could exh-ih-i- 

eriDS ChS C -P«^re of Che gel at , 

temperature and. aft^r- 

a, after the first expanding phase 

transition and continued lowerina , 

a seM nH ln9 ° f tem Perature, exhibit 

second expanding phase transition at a lower 
temperature than that at which th. 

transition occurred. " PW 

samples of multiple -phase transition gels are 
described in Annaka and Tanaka 

(1992) S (6359) ^30-432 

(1992), the teachings of which a « 

reference. -corporated herein by 

in one embodiment, the method includes forming a 
™ tiple-phase transition copolymer or gel which ^ 

IT; bind a substrate - A ™ r — - 

formed whxch, upon polymerization, will form 

r incc «- co naitiMS . „ sh p om 7 

Figures i A and IB, monomer io of a man™ 

pnm .. , ora monomer solution is 

combmed with template 12 which 

™* which, up on polymerization of 
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monomer 10, will cause the resulting copolymer to 
selectively bind the substrate. Template 12 , in effect, 
mimics the configuration of the substrate to which the 
resulting copolymer will selectively bind. The combined 
monomer solution and template 12 are exposed to 
conditions sufficient to cause the monomer solution to 
polymerize and form copolymer 14, which is shown in 
Figure IB. At least a portion of copolymer 14 forms at 
template 12 so that copolymer 14 is selectively 
configured for binding a chemical having the same or a 
similar chemical structure. Optionally, copolymer 14 is 
then ionized in an amount sufficient to cause copolymer 
14 to exhibit a plurality of phase transitions upon 
exposure to distinct phase- transition conditions. 

Copolymer 14 is then exposed to conditions 
sufficient to cause copolymer 14 to exhibit an expanding 
phase transition, thereby releasing template 12 from 
copolymer 14, as shown in Figure 1C. Phase transition 
conditions at which the copolymers exhibit a 
discontinuous volume change can include physical 
conditions, chemical conditions, or combinations of 
physical and chemical conditions. Examples of physical 
phase- transition conditions include: temperature; 
electromagnetic radiation, such as infrared energy, 
visible light and ultraviolet lights; etc. Examples of 
chemical phase- transition conditions include: 
concentration of ionic species, such as hydrogen and 
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T. i-e., PH: cross-Unking agents, such as cross- 
l"*ing agents which crosslink che copoly^r network; 
-organic an, organic solvents; specific chemicals; etc 
Phase-transition conditions at which copolymers exhibit a 
^continuous volume change can aiso include cognations 
of physical conditions, combinations of chemical 
conditions, or cognations of physical and chemical 
conditions. 

Copolymer 14 is then separated from template a by a 
surtable method, such as immersing and flushing with a 
large ainount of water, when the copolymers are 

easily washed. When the copolymers are not crosslink 
a dialysis bag are used to wash the copolymers. 

The copolymers will then be returned to the original 
state by reversing the physical or chemical or coined 
conditions to the original condition. The copolymers 

will then have active sit-o<= 

ccive sites that specifically bind the 

substrate. 

The same procedure applies to synthesis of 
artificial enzymes, m this case we use as target 
molecmes, molecules that mimic the transition state of 
substrate. The actual transition state of substrate is 
unstable. „any molecules ^ be£n 

that mimic the transition state of substrate, but stable 
* an alternate method, shown in Plgur es 2A chrough 
2F. monomer le of a monomer solution is forced which. 
SUBSTTTUTE SHEET (RULE 26) 
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upon polymerization, will form a copolymer that can 
exhibit phase transitions at a plurality of distinct 
Phase- transition conditions. The monomer solution is 
combined with phase- transition gel 20 to which template 
22 is bound, such as by covalent chemical bonds. The 
combined monomer solution and phase- transition gel 20 are 
exposed to conditions sufficient to cause the monomer 
solution to polymerize in gel 20 and form copolymer 24. 
A portion of the copolymer 24 forms at the template 22 
and is thereby bound to phase- transition gel 20 by 
template 22, as shown in Figure 2C. 

As shown in Figure 2D, phase- transition gel 20 and 
copolymer 24 are then exposed to conditions sufficient to 
cause gel 20 to exhibit a contracting phase transition 
that causes copolymer 24 which is not bound to template 
22 to be discharged from gel 20. Discharged copolymer 24 
is then washed from gel 20. Gel 20 is subsequently 
exposed to conditions sufficient to cause gel 20 to 
exhibit an expanding phase transition and to conditions 
sufficient to cause copolymer 24 to exhibit a phase 
transition that releases copolymer 24 from template 22, 
as shown in Figure 2E. Gel 20 is subsequently exposed^ 
conditions that cause gel 20 to exhibit a contracting 
Phase transition, whereby released copolymer 24 is 
discharged from gel 20, as shown in Figure 2F. 

la a particularly preferred embodiment, the phase 
transition gel to which the template is bound is P oly(N- 
SUBSTiTUTE SHEET (RULE 26) 
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~ -ludes 440 M of acryiic 

ylma bisacrylamide <« - - 

~ chloride Md 100 - ° f — - ~ 

solution can be polarized to form a suitah, 
by heat™ ... suitable copolymer 

y heatrng the solution to about 60 -c. 
Examples of suicable cempiaces 

rlouro-n- <P-nitropheny 1)p ropionate. such as is 
-d ^ hydrogen f lu0 ride elimination ^ " 
Srtutarate half e af P-mtrophenyl 

half ester, such as can be employed for .... 
hydrolysis. eSCer 

The method for selectively binding a substrate for 
conversion of the substrate to a product includes 

a 3UbStraCe • — lymer, such as described 

WM=h "» — * «*~ * exposing the 
copolymer and the substrate to ..... . 

copolymer to exhibit a ^ *** ~" ^ 

ccmbined subset, an ^ tranSUi0n ' 

conditions IT IT ^ ~ " 

use the copolymer to exhibit a fl „ h 
contracting phase transition, .hereby the substrat 
elects bound to the copolymer. „ bouM ^ 
s then exposed to conditions which cause catalytic o 
en^trc conversion of the substrate to the produ / 
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condition which causes the copolymer to exhibit a second 
contracting phase transition while the substrate is in a 
transition state, during the enzymatic conversion to the 
product . 

The copolymer and the resulting product are then 
exposed to conditions which cause the copolymer to 
exhibit an expanding phase transition that releases the 
product. 



15 



10 Monomer Comp os if -ion 

The criterion for a proper composition is that the 
copolymers as prepared in one of its multiple phases. 
The monomer should be capable of interacting through 
hydrogen bonding, repulsive or attractive Coulombic 
interactions, hydrophobic interaction, and/or van der 
Waals forces. The criterion for a proper composition is 
that the copolymers as prepared in one of its multiple 
phases. 

In a particularly preferred embodiment, the 
composition for the multiple-phase transition copolymer 
gel is; 



20 



methacrylic acid (capable of 0.5 mole 

hydrogen bonding and ionization) 
25 dimethylacrylamide (capable of 0 .5 mole 

hydrogen bonding) 
N-isopropylacrylamide (capable of lt0 mo le 
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hydrophobic interaction) 

Silver salt of acrylamidopropylsulf onic acid o 5 
mole w ' 3 

N,N'methylene-bis-acrylamide 
5 8 • o mole 

(crosslinker) 

ammonium persulfate (polymerization , 7g \ 

-l • to mole 

initiator) 

water 

. 1*0 mole 

template 

10 30 niole 

». concentrations of «r ooniponents m ^ ^ 
relative proportions. The monger solution can be 
Polarised to ton . a suitahle copol^r h y 
so utron to approve!, 6 o-c for appro^tei, 2 hours . 
»» W thus 3y nthesited can be washed „ith 9en erous 
amounts of an a^eous soiution of sooiu, hydroxide. pH 

». 9.1 oeco. es fully expanded in this soiution 
Tne gel can then he placed in an agueous solution of' 
approval. 0-30 m tenp late .olecules, the solution 
havxng a pH within the range of approxi^tely 
The 3 el „iu shrink ln tMs 3olutim ^ 

molecules. 3 C 

Molecules such as rhodaaine B. , ethyladenine. or 
tyrosine can he used as template and/or as target 
« molecules. 
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Equivalents 

Those skilled in the art will recognize, or be able 
to ascertain using no more than routine experimentation, 
many equivalents to the specific embodiments of the 
invention described specifically herein. Such 
equivalents are intended to be encompassed in the scope 
of the following claims. 
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• * -ttad of fOCT ing . Mlciple phase transition 
copolymer which CM selectively b . nd a aubstrate _ 
comprising the steps of: 

a) forming a monomer solution which, upon 

Polymerization, will form a copolymer that can 
exhibit phase transition at a plurality of 
distinct phase-transition conditions- 
» combining the monomer solution with a template 
w*xch, upon polymerization of the monomer 
solution, will cause the resulting poly^ to 
specifically bind said substrate; and 
O exposing the combined monomer solution and ' 

template to conditions sufficient to „ 

-uiiicienc to cause the 

monomer solution i-o 

oiutxon to polymerize and form said 

copolymer. 

» -hoa c£ cl ai„ a , further includlng ^ 

exposing the copolylMr tQ , ^ 
con*i tion „ htch causes copoiymr co 

thereby releasing the tempiate. 
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3. A method of Claim 2, further including the step of 
chromatographically separating the copolymer from 
the template. 

4. A method of Claim 3, further including the steps of: 

a) passing the copolymer through a gel -permeation 
chromatographic column which has the template 
bound thereto, whereby the copolymer which 
selectively binds the template can be retained 
on the gel; 

b) exposing the gel and the copolymer to a phase - 
transition condition which causes at least a 
portion of the copolymer to bind to said 
template ; 

15 c) washing said gel, whereby copolymer which is 

not bound to said template is removed from the 
gel; 

d) exposing said gel and said bound copolymer to a 
phase transition condition which causes the 

20 bound copolymer to be released from the gel; 

and 

e) washing said gel, whereby the released 
copolymer is removed from the gel. 



25 



5. 



A method of forming a multiple phase transition 
copolymer which can selectively catalyze a chemical 
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reaction converting a substrate into a product (s) 
comprising the steps of: 

a) forming a monomer solution which, upon 
polymerization, will form a copolymer that can 
exhibit phase transition at a plurality of 
distinct phase- transition conditions; 

b) combining the monomer solution with a template 
which, upon polymerization of the monomer 
solution, will cause the resulting copolymers 
to specifically catalyze the said substrate; 

O exposing the combined monomer solution and 

template to conditions sufficient to cause the 
monomer solution to polymerize and form said 
copolymers; and 

d) exposing the copolymer to a phase- transition 
condition which cause the copolymer to expand, 
thereby releasing the template. 

A method of Claim 5, further including the step of 
exposing the copolymer to a phase transition 
condition which cause the copolymer to shrink, 
thereby bringing back the copolymer to the original 
stable state and capable of catalyzing the 
substrate. 
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FIG. 1C 
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FIG. 2E 
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FIG. 2F 
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